Abstract-In this paper we use optical power control to support multirate transmission over temporal optical CDMA networks. We apply the centralized power control algorithm to set the transmit power of the users' optical sources in order to satisfy a given target QoS. In addition, optical amplifiers are included to enhance the overall system performance while the Amplified Spontaneous Emission (ASE) is considered as the main noise source. The objective function defined as the sum of the transmitted optical power from all nodes is minimized subject to a signal-to-interference (SIR) constraint. Moreover, the network feasibility, defined as the ability to evaluate a power vector that satisfy the target SIR, is discussed in terms of the spectral radius of the network interference matrix. Next, the spectral radius of the network interference matrix is investigated and modeled as a truncated Gaussian distribution. Last, a rate reduction algorithm, categorized in terms of the number of nodes involved in the process of rate reduction, is proposed to increase the network feasibility. As more nodes are added to the rate reduction campaign, the network feasibility is significantly enhanced. For typical network parameters we find by simulating 10 4 random network realizations that a threenode rate reduction results in 99% network feasibility.
INTRODUCTION
Optical CDMA was proposed to eliminate the electronic bottleneck imposed by the electro-optic-electro conversion at the end and intermediate nodes in optical fiber networks [1] . Optical CDMA is expected to support networks with voice, data and video applications. Each application has certain QoS requirements such as data rate, BER, probability of packet loss, packet delay, and jitter. It is very desirable to support adaptive data rates in optical CDMA networks. Recently, several approaches have been considered to provide multirate services in optical CDMA. In [2] , Yashima et al. suggested optical power control and Time Hopping for multimedia applications using a single wavelength. Their approach accommodates to various data rates using only one spreading sequence by changing time-hopping rate. However, to realize such system they suggested an optical selector device which consists of a number of optical hard limiters. Optical hard limiters are not yet mature technology. Power control has been also considered in optical fast frequency hopping CDMA to provide quality of service compatibility by using variable attenuators [3] . However, the influence of network impairments, such as fiber length differences, were not considered. Disadvantages of this scheme include need for multi-wavelength transmitters and susceptibility to wavelengthdependent impairments. In [4] multi-class optical orthogonal codes were constructed while keeping the non-zero shift autocorrelation and cross-correlation properties to their minimum possible values of one. Therefore, different user transmission is highly orthogonal and near far problem can be neglected. In [5] and [6] , we applied a centralized algorithm to a temporal OCDMA network in order to set the optical sources to their optimum values. It was assumed that all users applied the same bulk data rate and SIR. In this work we generalize the approach and apply concepts to a multirate system. Also, in this paper ASE is considered as the main noise source, therefore, the optical SIR before photodetection is investigated and the nonlinear behavior of the photodetection process is neglected which was considered in a separate work [7] . This paper is divided as follows: In Section 2 the multirate temporal OCDMA system based on prime codes is discussed. Optimum optical power setting using the centralized algorithm is considered in Section 3. Then in Section 4 the spectral radius of the multirate OCDMA system is investigated and used to examine the power control solution feasibility. The system spectral radius is modeled as a truncated Gaussian random variable and its upper and lower bounds are given. Moreover, a simple heuristic algorithm for congested system relaxation is presented. Finally we give our numerical results and conclusions.
SYSTEM MODEL
The K × K star topology considered in this paper is shown in Fig. 1 . Considering the i-th user, the binary data modulates the short (≤ ratio of data bit duration to code length) optical pulse from the optical source. The transmitted optical beam power for the i-th node is denoted by P i . Then, the optical pulse is encoded using an optical encoder that can be realized by a network of optical tapped delay lines, splitters and combiners. Incoherent optical CDMA systems are considered as positive systems, i.e., only unipolar values can be considered. Therefore, codes such as prime codes and optical orthogonal codes are specifically designed for incoherent optical CDMA applications. In order to be able to support varying code lengths and weights tunable optical encoders with adaptive optical CDMA encoding capability can be found in [8, 9] . After traversing the transmit-node fiber, star coupler and the receive-node fiber, the optical signal from all nodes is decorrelated optically by a matched decoder. Subsequently, the decorrelated signal is amplified using an optical preamplifier to compensate for the sever signal loss due to optical splitting incurred at the encoders, decoders and star coupler. Since failure of the star coupler means failure of the whole network, therefore, an active star coupler is not recommended for reliability reasons. Finally, the decoded signal is photo-detected and low-pass filtered at the optical receiver. The received and transmitted powers are related by the network attenuation matrix G with G ij denoting the total attenuation from j-th Tx node to i-th Rx node including fiber and splitting losses.
At the optical preamplifier output, the total received signal power is the sum of the amplified desired user correlation and unwanted users' cross-correlations. The amplified spontaneous emission (ASE) in the optical preamplifier will be the main limiting factor (in addition to the MAI) compared to thermal and shot noise at the photodetector. The ASE power at the output of the amplifier for each polarization mode is given by [10] ,
where n sp is the spontaneous emission factor typically around 2-5, G amp is the optical amplifier gain assumed here equal to 10 dB, B 0 is the optical bandwidth, h is Planck's constant, and f c is the carrier frequency. To reduce the ASE noise power, the optical bandwidth needs to be made as small as possible. Theoretical minimum value for optical bandwidth is B 0 = 2R, where R is the bit rate, where we assume SONET OC-48 data rate.
OCDMA MULTI-RATE SUPPORT
The prime code, [11] , consists of blocks each containing a single pulse. For any prime number q, a code comprises q blocks of length q. A set of code sequences of length N = q 2 , derived from prime sequences of length q was derived in [12] . The procedure for code generation starts with the Galois Field,
is evaluated by multiplying each element j of the GF(P) by an element k of GF(q) modulo q. Therefore, q distinct prime sequences can be obtained which are mapped into a time-mapped binary code
where j = 0, 1, ..., q − 1 and means modulo q multiplication. To adopt the prime code for multi-rate communication, the chip duration is assumed to be fixed and the bit width is changed by a multiple integer of chips. The network supports M -QoS classes and each class has q i codes generated according to (2) . And the length of the prime signature sequence of the i-th user is related to the bit and chip durations by q 2 i = T i /T c , where T i is the data bit period of the i-th user and T c is the chip period. Therefore, nodes with larger q i correspond to lower data rates that map to a higher SIR in case of back-to-back equal power scenario. It is known that the prime codes can be considered as a subset of optical orthogonal codes [13, 14] and characterized by the quadruple (N = q 2 i , W = q i , q i − 1, 2), i.e., prime code length of q 2 i , code weight of q i , maximum non-zero shift autocorrelation of q i − 1, and maximum cross-correlation of 2. The average variance of the cross-correlation magnitude between the i-th and the j-th prime signature sequences is denoted by σ 2 ij and tabulated in Table 1 for several primes, noting that σ 2 ji σ 2 ij . It is clear also that for j = i ± 1 the value of σ 2 ij will be significant, consequently the correlation properties of the multirate code will be poor. In this work we concentrate mainly on applying power control concepts to enhance system performance, hence, we adopt the simple multirate coding scheme described above. For more advanced and complex optical prime codes with favorable correlation properties and supporting multimedia traffic see [11] .
In order to get the optimum optical transmit power values we proceed by minimizing the sum of source powers under the SIR constraint,
where the ASE unpolarized noise power is σ 2 n,i = 2N sp,i . Then, using matrix notations the optimum power can be evaluated using [6] ,
where H is called the interference matrix with elements,
and Λ is a K × K diagonal matrix whose elements are,
The value of Λ i is set by γ i and q 2 i therefore it contains information about the SIR and data rate requirements and can be considered as an indicator of the QoS level. For a single QoS class Λ matrix is reduced to a single element. Likewise, the elements of the scaled noise vector u are given by,
Hence, as the required QoS is relaxed, the scaled noise power increases. It should be noted that in the above analysis the nonlinear nature of the photodetection process is neglected and only a simplified linear model is assumed.
RATE REDUCTION ALGORITHM
In a K-node star network where each node can select its rate from a set of Q values and its target SIR from a set of S values, there are Q K S K possible SIR-rate combinations. For any combination, it can be shown [15] that the matrix [I − ΛH] in (4) is invertible and positive if,
where ρ(X) is the spectral radius of X. If ρ(ΛH) ≥ 1 then the system is called infeasible which means that some or all nodes will never be able to achieve their target SIR. In this case one should relax the system QoS requirements to make it feasible by either reducing the target QoS of some nodes or one or more nodes could be switched off.
To quantify the feasibility of the power control problem solution we investigate the spectral radius in probabilistic terms. Based on extensive numerical simulations, the spectral radius could be modeled as a truncated Gaussian distribution. The mean and variance of this random variable are denoted by E[ρ(ΛH)] and Var[ρ(ΛH)] respectively. Therefore, the probability of feasibility can be evaluated by integrating the truncated Gaussian random variable from −∞ to 1. Hence, the probability of feasible network is,
where Q(x) is the integral of the normalized Gaussian function from x to infinity. In deriving (9) (9) in terms of the marginal spectral radiuses of H and Λ, therefore, we consider its upper and lower bounds as,
The spectral radius of H was evaluated to be equal to ρ (H) = σ 2 (K−1) [6] , where we assume that the crosscorrelation variance is constant with the average value σ 2 = E{σ 2 ij }. Then, remembering (6) we can write,
where γ min , γ max , q 2 min and q 2 max are the minimum target SIR, maximum target SIR, minimum code length (proportional to maximum rate), and maximum code length (proportional to minimum rate), respectively. A numerical simulation of spectral radius bounds for a 1000 realizations of a 31 × 31-network is shown in Fig. 2 . Where the nodes are assumed to select random rates according to prime numbers from {23, 31, 37} and their target SIR from 50 to 100. It is clear that the spectral radius is bounded approximately by 0.28 and 1.42. Consequently, the designed network QoS is guaranteed if the maximum allowable SIR and the minimum code length are selected to satisfy,
If the condition in (12) is met, then the QoS of all users will be satisfied. This will consequently leads to inefficient usage of network resources since the upper bound is far from the actual values of the spectral radius. Hence, we will consider the case when the guaranteed feasibility condition is violated (8) and study the CDF of the relating spectral radius for the various QoS levels. Under certain QoS requirements the network will be in the outage condition, i.e., the spectral radius is greater than one and the target QoSs cannot be met using power control. Therefore, we apply a removal algorithm to improve system feasibility. The optimal load control or removal algorithms is generally an NP-problem and a closed form solution has not been found. Therefore, several heuristic removal algorithms have been investigated [16] . Instead of switching off some nodes completely as in [16] we propose a modified removal algorithm to keep all the nodes on but with reduced data rate. We call call this algorithm as the rate reduction (RR) algorithm. We categorize the RR algorithm according to the number of nodes k subject to reducing their rate as k−RR. Therefore, 1-RR means that only one node is subject to rate reduction, 2-RR refers to rate reduction in two nodes, and so on. We use an indicator variable to select the candidate nodes subject to k-RR as,
Therefore, the indicator variable is maximum for nodes with the highest QoS requirement and shortest fibers from the star coupler, since these nodes are expected to cause the highest interference in the network. If the rate of the nodes with the highest indicators are reduced, then the upper bound in (11) decreases. Consequently, the mean and variance of the truncated Gaussian spectral radius will be decreased leading to increased probability of feasibility according to (9) . Hence, the k−RR algorithm is summarized as follows.
(i) Arrange the nodes in descending order following (13) .
(ii) Reduce the rate of the first node on the list by one step.
(iii) Check the feasibility using (8) , if the system is feasible then stop.
(iv) Reduce the rate of the second node on the list by one step, if the system is feasible then stop. (v) Repeat the same until the k−th node. (vi) If the system is still infeasible then start over at step (2) .
We assume here that all nodes have the same priority and if a node reaches its minimum rate then it is not included in the RR procedure. Other variations of the above procedure are possible. For example, it can be implemented such that after the rate of the highest indicator is reduced the system feasibility is checked and if infeasible then recalculate the indicators again and reduce the highest one and so on.
NUMERICAL RESULTS
First we consider the sensitivity of the power control solution to the network spectral radius by plotting the average distance between the target SIRγ i and actual SIR γ i as,
For a 31 × 31 star network using a single rate with prime number of q = 31 the mean SIR error is shown in Fig. 3 . At ρ(ΛH) = 1.5 and 2, the SIR error is approximately 40% and 95% respectively. This indicates that the power control solution is highly sensitive to a spectral radius greater than 1 in terms of the SIR error. Therefore, it is important to keep the spectral radius as close as possible but less than one. Next we consider a star coupled 31 × 31 system where the nodes can join one of three rates with q = {23, 31, 37}. The fiber lengths are selected such that the nodes are randomly distributed over an area centered at the star with a radius from 2.5 to 50 Km. The applied system parameters are listed in Table 2 . The 24-th node has the highest SIR and the first node has the smallest SIR (sixth column) if all nodes transmit with the maximum allowable optical power (10 dBm). The last column in the table shows the normalized optimum power vector. Since ρ(ΛH) = 1.01, the system is marginally infeasible and the SIR values after applying optimized power levels (last column in Table 2 ) are slightly less than the target SIR and the SIR error is less than 1% as deduced from Fig. 3 .
In Fig. 4 , the target SIR of one node is changed from 17 to 23 dB while fixing all other nodes to 18.7 dB. It shows that the spectral radius is clustered in groups of equal code weight. Because of higher processing gain, the low rate nodes (labeled "c") have the smallest impact on the spectral radius. The target SIR of the high rate nodes (labeled "a") have the highest impact on the network feasibility. Fig. 5 shows that the spectral radius is decreased below one more rapidly by reducing the rate of high rate nodes as compared to low rate nodes. This is in agreement with the indicator selection adopted in (13) .
Finally, we generate 10 4 network realizations from which we calculate the CDF of the spectral radius for the Rate Reduction Algorithm of section IV (6) . For the applied network parameters, the mean and variance of the network spectral radius are found to be 0.98 and .0036 respectively. Using (9) then it is found that, when no RR is applied, around 62% of the time QoS network requirements can be fulfilled. The same can be deduced from Fig. 6 which indicates the validity of the truncated Gaussian assumption. The network feasibility is increased to around 87%, 97%, and 99% using the 1-RR, 2-RR and 3-RR, respectively. Hence, by using a 3-RR algorithm one can find a feasible network for 99% of the time. 
CONCLUSIONS
We applied centralized power control to evaluate the optimum optical power for a multirate optical CDMA network.A network with multiple length temporal prime encoding was considered. We noticed that nodes with longer fibers and higher QoS will use the highest power. Based on large number of network realizations, the spectral radius of the system was modeled as a truncated Gaussian random variable and then the feasibility of the solution was written in terms of the model parameters. In this paper we proposed novel Rate Reduction Algorithm in order to increase feasibility of network's power control. Efficiency of our approach was then inspected by Monte Carlo -type simulations.
